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Abstract
 .Zn-substituted Rhodobacter sphaeroides R26 reaction centres RCs frozen in the dark and under illumination exhibit
q y w  . xquite different recombination kinetics of the D Q radical pairs Kleinfeld et al., Biochemistry, 23 1984 5780 . We haveA
 . q yapplied electron spin echo envelope modulation ESEEM of the spin-correlated D Q radical pairs to assess a possibleA
light-induced change in the distance between the D and Q cofactors. The recombination kinetics and the field-sweptA
spin-polarized EPR signal for the two preparations have been monitored by time-resolved EPR spectroscopy. For the
˚samples frozen under illumination, a slight increase in the distance, 0.4"0.2 A, has been detected. q 1998 Elsevier Science
B.V.
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Photosynthetic conversion of light into chemical
energy involves sequential electron transfer resulting
in charge separation, with an electron leaving the
donor, D, a bacteriochlorophyll dimer, and passing
through intermediates to the primary, Q , and sec-A
ondary, Q , acceptor quinones. There is now muchB
experimental evidence that charge separation is ac-
companied by a structural change of the reaction
 . w xcentre RC 1–9 . The most pronounced effect was
w xreported by Kleinfeld et al. 4 , who observed large
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differences for the DqQy recombination kinetics inA
RCs cooled in the dark and under illumination. Re-
cently, X-ray studies were performed at cryogenic
temperature on crystals of RCs frozen in the dark and
w xunder illumination 10 . For the charge-separated
DqQ Qy state, Qy was found to be located approx-A B B
˚imately 5 A from the Q position in the charge-neu-B
tral DQ Q state, and to undergo a 1808 propellerA B
twist when moving from the former to the latter
location. No significant change was detected for the
Q position. This is perhaps not surprising, becauseA
light-induced structural changes for the Q positionA
are expected for the DqQyQ state only. Even then,A B
˚ w xthe 2.2 A resolution attained in Ref. 10 is probably
not enough to detect these changes, which may be
˚ w xexpected to be around 1 A 4 . Electron spin echo
 .envelope modulation ESEEM of spin-correlated
DqQy radical pairs has been shown to be veryA
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sensitive to the relative positions of the radicals in the
w xpair 11–15 . The spatial resolution of this technique
depends on the distribution of the distance between
Dq and Qy; for a narrow distribution, the absoluteA
˚ w xresolution may attain a value as low as 0.2 A 13,14
 .see also below . In the present work, we study
ESEEM of spin-correlated DqQy radical pairs inA( )Zn-substituted Rhodobacter Rb. sphaeroides R26
RCs, frozen in the dark and under illumination. A
similar investigation has been performed indepen-
w xdently by Zech et al. 16 , with identical results for
"aged" reaction centers.
RCs of Rb. sphaeroides R26 were isolated as
w xdescribed in Ref. 17 . The Q was removed accord-B
w x 2qing to Ref. 18 . The Fe -ion was removed accord-
w x 2qing to Ref. 19 and replaced by Zn as described in
w xRef. 20 . The amount of Q remaining was checkedB
by monitoring the kinetics of the absorption peak at
865 nm after a flash at room temperature and was
found to be less than 10%. Typical EPR samples
 .contained 60–70% vrv glycerol. The final RC
concentration was 100–150 mM.
In our measurements we used samples of two
different types. The first type consisted of samples
which we used not later than 1 week after preparation
 .fresh samples . The second type consisted of sam-
ples stored in liquid nitrogen for a few months aged
.samples .
Samples were placed in quartz tubes of 0.4 mm
outer diameter and dark adapted at room temperature
for 5 min. The samples were either frozen in the dark
or under continuous illumination. Samples cooled in
the dark were plunged into liquid nitrogen. Those
cooled under illumination were irradiated typically
for a few seconds by continuous white light a 100-W
.halogen lamp at room temperature in a Dewar vessel
with optically transparent windows. The light was
filtered by passing through a vessel with distilled
water. Then the Dewar vessel was raised quickly so
that the sample was plunged into liquid nitrogen
while the illumination was continued. Upon freezing
the samples, a clear glass with a few cracks was
formed.
Time-resolved CW EPR measurements were per-
formed using a home-built X-band homodyne EPR
w xspectrometer 21 equipped with a Varian rectangular
 .TE102 optical transmission cavity Q;2000 and an
Oxford helium flow cryostat. Recombination kinetics
was measured using field modulation and lock-in
amplification. Kinetic traces were averaged using a
LeCroy 9310 300-MHz digital oscilloscope. The
spin-polarized radical pair EPR signals were ob-
served in direct-detection mode using a Stanford
Research SR280 boxcar integrator. The delay after
flash was 0.2 ms, the boxcar gate was 5 ms.
Electron spin echo measurements were carried out
on a Bruker ESP 380 FT EPR spectrometer, with a
 .dielectric cavity Bruker ER 4118 X-MD-5 inside an
Oxford Instruments CF 935 liquid helium flow cryo-
stat. The cavity Q value was adjusted to provide a
spectrometer dead time of about 100 ns. The delay
after flash was 1 ms. A two-pulse microwave echo-
forming sequence was used. The pulse widths of the
two pulses were 8 ns and 16 ns. The microwave
amplitude was adjusted to provide maximum echo
amplitude. ESEEMs were acquired by varying the
time separation between the two pulses up to 3000
ns, with a step of 8 ns. Fourier transform analysis of
the data was done on a personal computer. To im-
prove spectral resolution, prior to the transformation
the data was zero filled. A parabolic function was
used to extrapolate the ESEEM to zero dead time
w x15 .
As a light source for sample irradiation inside the
 .EPR ESE cavity, we used a Continuum Surelite I
 .laser pumping an optical parametric oscillator OPO .
The idler wavelength was selected by a filter and
adjusted to 860 nm. The pulsewidth was 6 ns, and the
output power was about 5 mJrflash. The repetition
rate of the laser flashes was 10 Hz for dark frozen
samples and 1.35 Hz for light-frozen samples.
The temperature was set to 30 K in CW measure-
 .ments and to 80 K in ESE measurements "1 K .
Fig. 1 shows results of time-resolved CW EPR
study. The insert in this figure shows the field-swept
spin-polarized spectrum, with arrows indicating the
field positions where the kinetics were recorded.
These kinetics were normalised to the same initial
amplitude and then averaged for all three positions
the initial part, approx. 15 ms, corresponding to the
.spin-polarized signal was omitted . Note that the
field-swept spectra are different for samples frozen in
the dark and under illumination. This is in agreement
w xwith results in Ref. 16 where the difference was
attributed to stable Qy radicals generated in part ofA
the sample.
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Fig. 1. Time-resolved kinetics of the EPR signal appearing after
the light flash for dark- and light-frozen samples. The initial time
 .interval where the signal is spin-polarized ca. 15 ms is omitted.
The acquisition parameters are: microwave power 7 mW, modu-
lation amplitude 3 G, time constant 1 ms, number of scans 500.
The insert shows the field-swept EPR signals recorded with a
delay after flash of 0.2 ms and boxcar gate 5 ms, normalised at
the positive peak. Microwave power is 7 mW, five scans were
 .averaged 2.5 min per scan . The arrows indicate three field
positions where kinetic traces were recorded. The kinetics were
normalised to the same initial amplitude and then averaged.
The data in Fig. 1 shows that the signal lifetime
after a flash is remarkably different for samples
frozen in the dark and under illumination. The decay
is attributed to recombination DqQy“DQ . TheseA A
results are consistent with optical studies of this
w x w xprocess 4 and with other EPR data 16,22,23 . For
the dark-frozen sample, the decay is mono-exponen-
tial, with a time constant 32 ms. For the light-frozen
sample, the decay can be fitted by two exponents,
with relative contribution 43% and 57% and time
constants 55 ms and 237 ms, respectively. The time
t when signal attains ey1 of its initial amplitude1r e
in the latter case is 130 ms. This is in agreement with
w xoptical measurements in Ref. 4 , where values were
found t s25 ms for the dark-frozen sample and1r e
t s120 ms for the light-frozen sample. No differ-1r e
ence in decay kinetics has been detected between the
 .freshly prepared and aged samples data not shown .
ESEEM time-domain traces were very similar to
w xthose presented in our previous papers, in Ref. 11
w xfor the aged samples and in Ref. 15 for the fresh
samples. Here, we present only the results of sine
Fourier transformation. They are shown in Figs. 2
and 3, for the fresh and aged samples respectively.
Fig. 2. Result of sine Fourier transformation of ESEEMs obtained
for the fresh samples frozen in the dark and under illumination.
Spectra are shifted arbitrarily in the vertical direction. The arrows
visualise the shifts of the two peaks and of the two spectral
edges.
One can see that for these two types of samples the
results are not the same. Aged samples do not show
any difference between dark and light frozen samples
 .Fig. 3 , while fresh samples show a slight but notice-
able shift of the narrow peaks towards the centre
 .Fig. 2 . The spectral edges shift in a similar way.
The two peaks seen in the frequency domain spec-
tra are induced by singularities corresponding to the
perpendicular orientation of the radical pair dipolar
axis with respect to the magnetic field. The two
spectral edges correspond to the frequency limit at-
tained when the orientation is parallel. The corre-
Fig. 3. The same as in Fig. 2, for samples stored for 2–3 months
in the dark in liquid nitrogen.
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sponding frequencies are determined by the dipolar
w xcoupling D and the spin-exchange coupling J 11 :
f s" 2 Dr3q2 J .H 1 .f s" y4Dr3q2 J . .5
The plus and minus signs correspond to two sets of
these frequencies. In the point dipolar approximation,
3
˚DrMHzsy78 000r rrA , 2 . .
where r is the distance between two radicals in the
pair. Thus, analysis of the spectral shape readily
provides values of r and J.
The situation, however, is more complicated for
bacterial RCs below 100 K, as a distance distribution
w xis induced upon cooling the sample 15 . In our
w xprevious work 15 , it has been shown that an in-
crease in the width of distance distribution results in
an increase of the spectral width of the two main
peaks, whereas the positions of these peaks are deter-
mined by the upper boundary of the distance distribu-
tion. For the sample frozen in the dark and recorded
at 80 K, the experimental spectrum corresponds to
w xthe simulated one 15 with a width of the distance
˚ distribution of approximately 1–2 A rectangular dis-
˚. tribution , with an upper boundary of 29.4 A this
boundary is derived much more precisely than the
.width , and with J close to zero. The spectrum given
in Fig. 2 for the sample frozen in the dark is almost
w xidentical as presented in Ref. 15 , so the distance
distribution should be approximately the same. For
 .the sample frozen under illumination Fig. 2 , the
width of the spectral peaks does not change notice-
ably, as compared with the sample frozen in the dark.
This means that the widths of the distance distribu-
tion in both cases are similar. The frequency position
of the two peaks for the light-frozen sample becomes
 .smaller by D f s0.07"0.03 MHz see Fig. 2 .H
 .  .According to Eqs. 1 and 2 , this difference corre-
˚sponds to a distance increase of D rs0.4"0.2 A.
Therefore, we may conclude that for the light-frozen
sample the distance between the charged cofactors
q y
˚D and Q becomes larger by 0.4 A than theA
distance between the neutral cofactors D and Q .A
The above increase of the distance is, however, not
 .observed for the aged samples Fig. 3 . The latter
w xresult was also obtained by Zech et al. 16 , compare
for example the ESEEM time-domain traces pre-
w xsented in Fig. 3 of Ref. 16 with our ESEEM data for
 w x.aged samples see Fig. 1 of Ref. 11 , which are
virtually identical. The different result for fresh and
aged samples most probably arises from the much
broader distance distribution induced in the latter
case. As the distance shift is rather small, it is
obscured by the broad distribution.
The observed distance increase is in agreement
w xwith a suggestion made by Kleinfeld et al. 4 , al-
though a somewhat larger distance increase, about 1
˚ w xA, was proposed. It was postulated in Ref. 4 that the
distribution of distance r becomes broader for sam-
ples frozen under illumination. As was pointed out
above, our results allow us to definitely rule out such
a light-induced broadening this broadening is much
˚ .less than 1 A .
The small value of the distance increase indicates
that this increase is not the major factor for the
difference in recombination kinetics in dark- and
light-frozen samples. Another possible rearrangement
of cofactors, rotation of the quinone, was ruled out
w xearlier 22 . This observation and our present result
suggest that the major cause for the change in the
recombination kinetics is not a rearrangement of the
cofactors but rather a change in overall reorganisation
energy, for example because of a frozen-in rearrange-
ment of polar groups involved in charge separation.
A similar explanation has been put forward by Zech
w xet al. 16 who proposed that protein relaxation con-
tributes a substantial part to the reorganisation en-
ergy. A suppression of relaxation modes by freezing
could occur slightly differently for samples frozen in
the dark and under illumination.
Note that the observed distance shift is so small
that it could be induced not only by a change of the
distance between the two radicals but also by a spin
density redistribution within the radicals similarly
caused by a re-arrangement of adjacent protein
residues.
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